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Abstract: Cupping therapy is a common intervention for the management of musculoskeletal
impairment. Previous studies have demonstrated that cupping therapy can improve muscle
hemodynamic responses using single-channel near-infrared spectroscopy (NIRS). However, the
effects of cupping therapy on spatial hemodynamic responses as well as the correlation between
oxyhemoglobin and deoxy-hemoglobin are largely unknown. The cross-correlation function
(CCEF) algorithm was used to determine the correlation between time-series NIRS signals from
inside and outside the cup as well as time-series oxyhemoglobin and deoxy-hemoglobin under
4 cupping intensities, including —225 and —300 mmHg for 5 and 10 min. The main finding
was that the maximum CCF values of oxyhemoglobin was significantly higher than those in
deoxy-hemoglobin (p < 0.05). Furthermore, it was found that there was a correlation between
deoxy-hemoglobin with a longer duration and a larger magnitude of negative pressure. This
is the first study investigating time-series hemodynamic responses after cupping therapy using
cross-correlation function analysis of multi-channel NIRS signals.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Chronic musculoskeletal impairment, such as muscle fatigue and pain, is a common problem
and significantly impacts the quality of life in people of industrialized countries (1). Sports
performance can be affected by musculoskeletal impairment caused by intense training and
sports competition. Various interventions have been proposed to reduce muscle fatigue for the
prevention of musculoskeletal injury and improvement of sports performance, including sports
massage, spa treatments and cupping therapy [2]. To date, there is no sufficient evidence on
the effectiveness of these interventions on reducing muscle fatigue and risk for musculoskeletal
impairment [3]. Cupping therapy is an intervention by creating vacuum to induce a vasodilatory
response to local tissues (the skin and muscles), and has been gradually becoming a popular
intervention to reduce muscle fatigue recently [4,5]. Traditional cupping therapy has been widely
in the Middle East and Asia, and is not widely accepted in the Europe and United States for the
lack of evidence. It is imperative to investigate the mechanism of cupping therapy for improving
clinical effectiveness of using cupping therapy to improve musculoskeletal impairment [6,7].
The literature indicates that cupping therapy may improve local blood circulation and relieve
muscle pain [§-10]. Lietal. (2023) demonstrated that different combinations of cupping pressures
and durations could induce various hemodynamic responses [8]. Lauche et al. demonstrated
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that cupping therapy increases microcirculation and repairs capillary endothelial cells, which
may reduce muscle fatigue and heal muscle impairment [11,12]. Additionally, research studies
have established an association between exercise tolerance, muscle fatigue recovery speed, and
autonomic nerve regulation after exercise [13,14].

Li et al. (2017) used NIRS to assess hemodynamic changes before and after cupping therapy,
and found that cupping therapy could reduce deoxy-hemoglobin and increase oxyhemoglobin at an
area outside the cupping cup after cupping therapy [15]. Additionally, cupping therapy has been
shown to maintain blood microcirculation and hemodynamic function by inducing a significant
increase in deoxy-hemoglobin levels and a significant decrease in oxyhemoglobin levels at an area
inside the cupping cup during cupping therapy [16]. Oxygen saturation and deoxy-hemoglobin
were found to be more closely related to muscle fatigue by Scano and colleagues, while the
correlation between total hemoglobin and the median frequency of the electromyographic signal
was low [17]. The median frequency of electromyographic signal is a common index to assess
muscle fatigue [4]. In addition, Cage et al. also found that an increase in cupping time would
increase the surface temperature (baseline = 89.37 +2.09 °F, after 5 minutes = 90.49 +2.08 °F,
after 10 minutes =91.65 +2.18 °F, and after 15 minutes =91.62 +2.26°F, p <0.001) [18]. Li
and colleagues (2023) demonstrated that muscle hemodynamic response to cupping therapy is
affected by the pressure and duration of cupping therapy [8]. In their study, only four popular
combinations of cupping therapy were tested, and many common settings of pressure and duration
of cupping therapy remain to be investigated. These studies indicate a need to assess the effect
of various combinations of pressure and duration of cupping therapy on muscle hemodynamic
responses.

Previous studies demonstrate that near-infrared spectroscopy (NIRS) can be used to assess
muscle hemodynamic responses under various conditions [19-21]. Thus, it is reasonable to
postulate that NIRS can be used to assess the effect of various doses of cupping therapy on local
hemodynamic responses after cupping therapy. According to Jobsis et al., near-infrared light
penetrates deeply into biological tissues, and can be used to measure blood flow and oxygen
levels in biological tissues [22]. By analyzing the sample’s near-infrared absorption spectrum,
near-infrared spectroscopy can infer the concentration of its components without destroying the
sample [23]. As a result, the concentration in oxyhemoglobin [HbO;] and deoxy-hemoglobin
[Hb] can be measured in human tissue non-invasively [24].

The cross-correlation function (CCF) method has been used to estimate the correlation to
assess the relationship levels of the two signals [25]. CCF estimation’s advantage is to identify
the hidden information and quantify the temporal similarity [25]. Furthermore, studies have
shown that CCF estimation could examine the sense of balance between the autonomic system
and baroreflex control [26,27]. For example, cross-correlation baroreflex sensitivity was adopted
to analyze the database of EUROBAVAR, including patients with heart transplant and autonomic
neuropathy. CCF estimation pointed out that a delay in baroreflex occurred in patients with
heart transplant [26]. Although there is no previous studies using CCF to assess physiological
mechanisms of cupping therapy, it appears that CCF could be a useful tool to explore hidden
interactions in the hemodynamic response after cupping therapy, especially when multi-channel
NIRS is used to assess the spatial hemodynamic response.

To date, it is unclear whether different sites of hemodynamic responses could affect each other
after cupping therapy. Also, it is largely unknown about the correlation between oxyhemoglobin
and deoxy-hemoglobin in response to cupping therapy. Previous studies usually adopted a single
channel NIRS or reporting the average of the hemodynamic response from multi-channel NIRS
to assess the hemodynamic response after cupping therapy [8]. The use of a multi-channel NIRS
device may provide additional information about the spatial hemodynamic response and the
use of CCF may shed light on the interactions of these hemodynamic responses. Our group
has been conducting a series of studies on assessing physiological benefits of cupping therapy
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using various biomedical devices, such as laser Doppler flowmetry, elastographic ultrasound,
and near-infrared spectroscopy [5,8,9,28,29]. The use of multi-channel NIRS can complete the
understanding of physiological benefits of cupping therapy.

Therefore, we intended to demonstrate the feasibility of using the cross-correlation function
analysis of multi-channel NIRS to assess the effect of cupping therapy on spatial hemodynamic
responses. The primary aim of this study was to analyze the effects of cupping therapy on spatial
hemodynamic response to cupping therapy assessed by using a multi-channel NIRS with the
CCF algorithm. This study may help shed light on the effect of cupping therapy on the spatial
hemodynamic regulations, including areas inside and outside the cupping cup. The secondary
aim was to assess the correlation between oxyhemoglobin and deoxy-hemoglobin inside and
outside the cupping cup using CCF. The findings from this study could help understand the
effects of cupping therapy on the spatial hemodynamic response to cupping therapy for improving
clinical effectiveness of cupping therapy.

2. Materials and methods

This study was approved by the University Institutional Review Board of the University of Illinois
at Urbana-Champaign (IRB #22900). This is part of a bigger project investigating various
combinations of pressure and duration of cupping therapy on muscle hemodynamic responses.
The results reported in this study are not presented elsewhere.

2.1. Participants

Eighteen healthy individuals (12 women, 6 men) volunteered to participate in the present study
and their characteristics were: age 25.0 + 4.6 years, systolic blood pressure 106.2 +9.7 mmHg,
diastolic blood pressure 62.7 + 8.0 mmHg, arm length 32.9 +2.2 cm, and arm circumference
27.4 +3.6 cm. All research participants were right handed. The inclusion criteria were healthy
individuals aged between 18 and 40 years. The exclusion criteria were as follows: non-blanchable
response of the red skin areas over the biceps and triceps of the dominant side, open wounds, scar
or tattoo over the tested area, diagnosed ischemic cardiovascular, hypertension (SBP > 140mmHg
or DBP > 90mmHg), diabetes and smoking history. Subjects were briefed on the experimental
procedures before signing the informed consent form.

2.2. Instrumentation

A functional NIRS sensor band (fNIR Imager 1000, fNIR Devices, LLC, Potomac, MD) was used
to measure changes in hemodynamic responses of the biceps muscle, including oxyhemoglobin
(A[HbO;,], uM) and deoxy-hemoglobin (A[Hb], uM) (Fig. 1]. The fNIRS sensor band consisted
of 10 photo detectors and 4 light emitters for a combination of 16 channels. The oxyhemoglobin
shows an absorption peak at around 850-900 nm and deoxy-hemoglobin has an absorption peak
at around 730-750nm. The source-detector distance is 2.5 cm, which allows about 1.25cm
measurement depth. This penetration depth is sufficient for capturing major hemodynamic
activity of the biceps muscle. The sampling rate was 2 Hz. In this study, the area measured by 4
channels (9, 10, 11 and 12] was used to measure hemodynamic responses inside the cupping cup
rim and 4 channels [7,8,13 and 14] were used to measure hemodynamic responses outside the
cupping cup rim. The raw fNIRS signals were low-pass filtered within a finite impulse response
filter of cut-off frequency at 0.14 Hz to eliminate possible respiration and heart rate signals and
unwanted high frequency noise. The NIRS signal of 5-min pre-cupping period was used to
calculate the relative change of fNIRS signals with the concentration change of oxyhemoglobin
and deoxy-hemoglobin.

This study used an automatic suction device (P1000-PCS, California Medical Device Manu-
facturing Facility, CA) to create a negative pressure inside the cup by using an electrical suction
pump. The device consists of a vacuum gauge, a vacuum regulator, a power switch, and a vacuum
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Fig. 1. Schematic drawing of the sensor pad of the near infrared spectroscopy and the
relation of the channels inside the cupping cup (shaded area under channels 9, 10, 11, and
12) and outside the cupping cup (channels 7, 8, 13 and 14).

cup. This device can produce negative pressure ranging from 0 to =760 mmHg by automatic
suction. The cup with the inner diameter of 45 mm and the outer diameter of 53 mm (round
shape with a range of 53-55 mm) was used in this study. The selection of this cup size was based
on our preliminary research results showing that the 45-mm cup was more effective in reducing
the stiffness of the triceps muscle compared with the 35-mm cup [4,5]. Our previous research
showed that both —300 mmHg and —225 mmHg of cupping therapy are safe and effective for
increasing skin blood flow [9]. Therefore, the cupping pressure intensities chosen in this study
were at —225 mmHg and —300 mmHg.

2.3. Experimental protocol

Four protocols of cupping therapy included: A: 5-min duration at-225mmHg pressure; B: 10-min
duration at-225mmHg pressure; C: 5-min duration at —300mmHg pressure; and D: 10-min
duration at —300 mmHg pressure (Table 1].

Table 1. Characteristics of 4 cupping protocols conducted at 4 different days.

Cupping Post-Cupping

Cupping Protocols Pre-Cupping
Pressure (mmHg) Duration (min)

A Smin -225 5 10 min
B 5 min -225 10 10 min
C Smin -300 5 10 min
D 5 min -300 10 10 min

All experiments were performed in the Rehabilitation Engineering Laboratory at the University
of Illinois at Urbana-Champaign. The room temperature was maintained at 24-26 °C throughout
the experiment. Participants were asked to remain supine for at least 30 minutes to stabilize the
baseline muscle hemodynamic activities and acclimate to the room temperature. The participant
fully extended the dominant-side elbow with the palm facing upward. The selection of the
right dominant side was to reduce the potential influence of muscle metabolism between the
dominant and non-dominant arms on the hemodynamic response to cupping therapy. The angle
between the arm and the body was 45 degrees (Fig. 1]. The participant was instructed to relax. A
mark was drawn on the biceps muscle (cubital fossa to one-third of acromion) to identify the
location for cupping therapy. Before the NIRS sensor was used to monitor the 5-min baseline of
hemodynamic status, three marks on the four corners of the NIRS sensor were drawn to mark
the location of the NIRS band, as shown in Fig. 1. To secure the NIRS sensor and minimize
the influence of environmental light, the elastic bandage was used to wrap the NIRS sensor



Research Article Vol. 14, No. 9/1 Sep 2023/ Biomedical Optics Express 4459 |

Biomedical Optics EXPRESS A

to the arm. Then, the NIRS sensor was removed, and one cupping cup (the inner diameter as
45 mm) was applied on the biceps muscle for either 5-min or 10-min at either —225mmHg or
—300 mmHg based on the predetermined random order of cupping protocols. Then, the same
procedures were applied to test another three protocols after 2-4 days. All 4 cupping protocols
were conducted at 4 different days to reduce potential influence of carry over effect from cupping
therapy. The order of all 4 cupping protocols for each participant was different to minimize the
influence of testing order effect on hemodynamic responses.

2.4. Cross-correlation function estimation for similarity

The cross-correlation function analysis is a method to assess the degree of similarity between
two data sets [25]. The cross-correlation function could be used to determine the association
between two signals. In this study, CCF was used to determine the spatial association of
hemodynamic response to cupping therapy, specifically, 1) areas inside and outside the cup and 2)
oxyhemoglobin and deoxy-hemoglobin. Taking the average hemodynamic signal as the input data
for estimation, the relation and phase between the two channels of the signals can be determined
by using CCF. The correlation between two signals is used to examine the cupping therapy effect
under various cupping intensities on the microvascular system. Let the cross-correlation function
be expressed as CCF(k), W is the window length, k is the number of peak-to-peak displacement
points, and N is the total signal length. In this study, assume two signals by each channel are f‘ (n)
and g(n), respectively (Fig. 2]. f°(n) and g"(n) are either a time-series signal from a single channel
or the averaged time-series signal from the four channels (9, 10, 11, and 12) inside the cup and
outside the cup for the channels (7, 8, 13, and 14). Then, the CCF value can be calculated as
follows:

R (k)
CCFi(k)= —=—— k=0, 1, +2, ..., i = 1toN-W + 1
i i 2
(R (O)RL,(0)]
window
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Fig. 2. Presentation of the CCF estimation. The upper plot indicates the input with two
signals with a moving window. The bottom plot shows the CCF value estimated from the
range of the window.
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where R}A(k) is an estimate of the cross-covariance in the ith time window and defined as
3
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3. Results

Table 2 shows the maximum CCF and SD values inside and outside cupping rim with oxyhe-
moglobin. It can be found that outside the cupping rim (channel 7 and 14) time and pressure
induced SD changed significantly (p < 0.05, A&C vs. B&D; C&D vs. A&D). Other CCF and SD
values inside and outside the cupping rim remain stable for each channel with oxyhemoglobin.

Table 2. Maximum CCF and SD values of oxyhemoglobin inside and outside

cup rim.
Inside the cup rim
Ch9 Ch 10 Ch 1l Ch 12
Cupping CCF SD CCF | SD | CCF | SD | CCF SD
E protocol
73) A&B -0.04 | 0.56 0.14 | 0.50 | 0.07 | 0.54 | 0.20 0.53
% A&C 0.48 0.58 020 | 0.53 | 0.18 | 0.57 | 0.16 0.53
E‘ C&D 0.05 0.56 0.08 | 0.55 | 0.17 | 059 | 0.32 0.48
B&D 0.17 0.58 0.15 | 052 | 0.12 | 0.54 | 0.15 0.55
A&D 0.05 0.55 021 | 054 | 023 | 0.57 | 0.29 0.51
Outside the cup rim
Ch7 Chs8 Ch 13 Ch 14
Cupping CCF SD CCF SD CCF SD CCF SD
E protocol
T‘f’ﬂ A&B 0.12 0.56 022 | 052 | 020 | 0.56 | 0.20 0.53
% A&C 0.10 0.61¢ | 0.04 | 056 | 0.12 | 0.60 | 0.14 0.56
;i‘ C&D 0.13 0.56 0.15 | 055 | 013 | 0.62 | 027 | 0.49"
B&D 0.22 0.55 021 | 052 | 0.18 | 0.56 | 0.33 0.55
A&D 0.00 0.55 0.12 | 0.58 | 0.17 | 0.60 | 0.24 0.60

“p <0.05: A&C vs. B&D;
bp <0.05: C&D vs. A&D

Table 3 shows the maximum CCF and SD values inside and outside cupping rim with
deoxy-hemoglobin. It can be found that inside the cupping rim (channel 9, 10 and 11) would be
influenced by the protocols with time and pressure factors induced CCF and SD values changed
significantly (p < 0.05). However, outside the cupping rim showed fewer change of CCF and SD
values significantly. Therefore, cupping protocols would affect deoxy-hemoglobin more inside
the cupping rim.

According to the results shown in Tables 2 and 3, it can be found that cupping protocol effect
of different pressures and durations could induce disturbance on oxyhemoglobin outside the cup
rim. On the other hand, it causes a more obvious effect on deoxy-hemoglobin by the change of
CCF and SD inside the cup rim rather than those of outside cup rim.
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Table 3. Maximum CCF and SD values of deoxy-hemoglobin inside and outside

cup rim.
Inside the cup rim
Ch9 Ch 10 Ch 11 Ch 12
« | Cupping CCF SD CCF SD CCF | SD CCF | SD
S | protocol
é" A&B 0.60“¢ | 0.46 | 0.67 0.42 0.45 | 0.46% | 0.60 | 0.50
_?l:’ A&C 0.51 0.52 | 0.52b¢ | 0.55¢ | 0.37 | 0.57 0.51 | 0.56
E C&D 0.53 0.52 | 0.64 0.46 0.38 | 0.60* | 0.58 | 0.50
a B&D 0.59 0.44 | 0.72 0.42 045 | 048 0.62 | 047
A&D 0.58 0.48 | 0.71 0.40 044 | 0.52 0.61 | 046
Outside the cup rim
Ch7 Ch 8 Ch 13 Ch 14
o | Cupping CCF SD CCF SD CCF | SD CCF | SD
Lg protocol
é“ A&B 0.50 0.57 | 0.59 0.51 042 | 048% | 059 | 049
_?:f A&C 0.44 0.58 | 0.45" 0.61° 0.29 | 0.60 041 | 0.57
% C&D 0.43 0.57 | 0.55 0.52 0.28 | 0.59 042 | 054
/A | B&D 0.46 0.54 | 0.63 0.51 0.23 | 0.55 0.54 | 0.55
A&D 0.46 0.60 | 0.63 0.46 0.36 | 0.54 0.59 | 0.1

p <0.05: A&B vs A&C;
bp <0.05: A&C vs B&D;
‘p <0.05: A&C vs A&D;
9p <0.05 A&B vs. A&C;
“p<0.05: A &B vs. A&D;
fp <0.05: C&D vs. B&D;
8p <0.05: C&D vs. A&D;
hp <0.05: A&C vs. B D;
p<0.05: A&C vs. A&D;
Jp<0.05: A&B vs. A&C;
kp <0.05: A&B vs. C&D.
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Fig. 3. The plot shows maximum SD values in channels7 and 9 with deoxy-hemoglobin

(*p <0.05).
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Protocol B: 10min, 225mmHg
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Protocol D: 10min, 300mmHg
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Average value of maximum SD for CCF inside the cupping rim
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Fig. 4. The average maximum SD of CCF values of oxyhemoglobin and deoxy-hemoglobin
inside the cupping rim (*p < 0.05, cupping therapy would lead to a significant maximum SD
difference of CCF value between oxyhemoglobin and deoxy-hemoglobin blood in protocol
B&D and A&D.)
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Fig. 5. Comparisons of maximum CCF values between oxyhemoglobin and deoxy-
hemoglobin under different cupping protocols (Protocol A: 5 min, 225 mmHg; Protocol B:
10 min, 225 mmHg; Protocol C: 5 min, 300 mmHg; Protocol D: 10 min, 300 mmHg) for
each channel inside the cupping rim (*p < 0.05).

Figure 3 shows that maximum SD values in channel 7 and 9 with deoxy-hemoglobin (A&D)
changed significantly (p < 0.05).

Figure 4 shows the average maximum SD of CCF values of oxyhemoglobin and deoxy-
hemoglobin inside the cupping rim. In deoxy-hemoglobin, longer cupping durations (10 min)
and higher magnitude of negative pressure (—300 mmHg) would result in a lower maximum SD
of CCF values (Protocols B&D and A&D, p < 0.05).
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Average value of maximum CCF values inside the cupping rim
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Fig. 6. The maximum CCF values of average oxyhemoglobin and deoxy-hemoglobin in
different cupping durations and pressures (*p < 0.05).

Figure 5 shows the maximum CCF values for different cupping durations and pressures for
each channel inside the cupping rim. The results showed that maximum CCF values of deoxy-
hemoglobin were higher than those in oxyhemoglobin significantly (p < 0.05) in all comparisons.
In addition, the results indicate that a longer cupping duration and higher magnitude of negative
pressure would increase correlation in deoxy-hemoglobin.

The results of the average maximum CCF values for different cupping durations and negative
pressures are shown in Fig. 6. The results showed that the maximum CCF values in oxyhemoglobin
were significantly higher than those in deoxy-hemoglobin (p < 0.05). Furthermore, it was found
that there was a correlation between deoxy-hemoglobin and a longer duration and a higher
magnitude of negative pressure of cupping.

4. Discussion

Our results demonstrate that CCF can be used to quantify the correlation of time-series changes
of NIRS signals assessed after cupping therapy. To the best of our knowledge, this is the first
study investigating the dynamic correlation of spatial hemodynamic responses after cupping
therapy. The use of CCF can complement the current approach on reporting the average of
NIRS signals after cupping therapy. The correlation between time-series changes between
spatial hemodynamic responses as well as time-series changes between oxyhemoglobin and
deoxy-hemoglobin can shed light on the complex mechanism of cupping therapy on reducing
musculoskeletal impairment.

Deoxy-hemoglobin inside the cup showed lower variations in maximum SD of CCF under
different cupping intensities inside the cup, especially for a longer cupping duration and a higher
magnitude of negative pressure. Interestingly, the maximum SD of CCF values of different
cupping intensities shown in Fig. 4 are significantly higher (p < 0.05) with a longer cupping
duration and a higher magnitude of negative pressure in oxyhemoglobin. According to this
finding, cupping therapy could produce a more significant change in oxyhemoglobin inside the
cupping rim.

Based on the maximum CCF value between oxyhemoglobin and deoxy-hemoglobin, Fig. 5
shows an analysis of CCF values for oxyhemoglobin and deoxy-hemoglobin. In Fig. 6, CCF
values for oxyhemoglobin and deoxy-hemoglobin between the areas inside and outside the cup are
shown within the CCF analysis. There might be a correlation between two time-series represented
by the maximum CCF value. Our study observed the maximum CCF values for oxyhemoglobin
and deoxy-hemoglobin during two cupping intensities. In Fig. 5 (each channel inside the cup rim)
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and Fig. 6 (averaged by 4 channels inside the rim), the maximum CCF value were significantly
different (p < 0.05) between two cupping intensities. This may indicate that oxyhemoglobin
would be changed more with a longer cupping period and a higher magnitude of negative pressures
because all of the maximum CCF values of oxyhemoglobin were significantly lower than those of
deoxy-hemoglobin (p < 0.05). Based on our results, a longer duration of cupping therapy and a
higher magnitude of negative pressure should be applied to induce an increase in oxyhemoglobin
into muscle microcirculation. A previous study reported that the phase of NIRS signals could be
used to explore the relationship between oxyhemoglobin and deoxy-hemoglobin [30]. Duo to
the CCF analysis could explore the relation between two time-series dynamically, CCF analysis
was adopted to investigate multi-channel NIRS time-series to observe the interaction between
oxyhemoglobin and deoxy-hemoglobin in this study. Moreover, in Fig. 6, the difference between
oxyhemoglobin and deoxy-hemoglobin is observed under protocols A (—225 mmHg for 5 min)
and B (=225 mmHg for 10 min), which might indicate that the duration factor is relatively more
dominant under —225 mmHg.

A multi-channel NIRS device was used in this study to investigate spatial hemodynamic
responses to cupping therapy. The use of NIRS can help to understand the benefits of cupping
therapy on managing musculoskeletal impairment. Previous studies used either one channel or
reporting the average of multiple channels of NIRS to assess cupping therapy effects, which may
limit the understanding of the spatial hemodynamic responses. To the best of our knowledge, this
is the first study to assess the relationship from different channels of NIRS for assessing cupping
effects on the hemodynamic responses.

The use of CCF allows us to quantify the correlation of time-series changes of oxyhemoglobin
and deoxy-hemoglobin after cupping therapy. This approach provides a new window to examine
the hemodynamics rather than the reported average of time-series NIRS signals. In the previous
study [8], the average value of oxyhemoglobin and deoxy-hemoglobin inside the cupping rim
was reported and demonstrated that the factors of pressure and duration of cupping therapy may
affect hemodynamic responses. In this study, the use of CCF to analyze oxyhemoglobin and
deoxy-hemoglobin inside and both the cupping cup further reveals that deoxy-hemoglobin was
correlated with a longer duration and a larger magnitude of negative pressure. Both this study and
Li et al. (2023) demonstrate that oxyhemoglobin is more sensitive to the cupping intensity [8].
The use of NIRS to assess muscle hemodynamic response to mechanical stimulus is reported in
the literature [31]. Using moving cupping therapy, Liu et al. demonstrated that cupping therapy
could alleviate some chemotherapy-related side effects in patients with colorectal cancer for
improving their quality of life [32]. Arce-Esquivel et al. examined the effect of cupping negative
pressure on blood flow [33]. Based on our results, the results from these studies may benefit
from using CCF to explore the spatial hemodynamic response, especially under moving cupping
therapy.

More than 600 medical studies have been conducted on cupping negative pressure therapy.
According to the research, the main physiological effects include promoting local blood circulation,
improving nervous system activity, increasing joint mobility, reducing fatigue, and managing pain.
However, the use of near-infrared spectroscopy to explore negative pressure therapy research is
still limited, especially the analysis of the response from different channels of NIRS for assessing
the spatial hemodynamic response. The application advantages of near-infrared spectroscopy
have considerable advantages in the field of biomedicine, primarily because of the advantage
of detecting a variety of samples and the convenient use of detection equipment [34]. It can
indeed be used as a non-invasive tool for observing human muscle tissue [35], and it is being
used in health care, sports science, and medicine to advance research [24,36]. For example,
observing muscle microcirculation (oxygenated hemoglobin, deoxygenated hemoglobin, blood
volume) [37-39], the literature points out that when the nerve stops activation (deactivation),
deoxy-hemoglobin will begin to rise, while oxyhemoglobin will decrease [40]. However, the
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interaction from different areas are largely unknown that prevents researchers to take the advantage
of using multi-channel NIRS to assess physiological benefits of cupping therapy [41,42]. Our
study using the CCF analysis provides a foundation for exploring hidden interactions from the
areas inside and outside the cup on the hemodynamic regulations after cupping therapy.

According to Stephens, oxygenated hemoglobin and total hemoglobin levels increase after 8
minutes of cupping therapy, thereby relieving patients with non-specific neck pain [43]. Liu et al.
(2022) also found that the —0.03 MPa group experienced a maximum increase in body surface
temperature of 0.92 °C while the —0.04 MPa group experienced a maximum increase of 1.42 °C.
Wang et al. (2020) indicated that a higher magnitude of negative pressure (—300 mmHg) and
shorter the action time (5 min) can result in higher skin blood flow. This study confirms that
the negative pressure between —225 and —300 mmHg are effective intensity on inducing muscle
hemodynamic responses [44].

There are limitations of this study. First, we have more female participants than male
participants. It is unclear whether this gender effect would significantly affect our findings.
Future research may need to assess the gender effect on the efficacy of cupping therapy. Second,
the NIRS sensor pad was applied to measure pre-cupping hemodynamic response as the baseline.
When cupping therapy was applied, the NIRS sensor pad was removed. After cupping therapy,
the sensor pad was replaced back to the arm. This may affect the calibration result. Future
research may need to develop embedded sensor pad with cupping cup; thus, the NIRS sensor
could be applied before and after cupping therapy.

5. Conclusion

This study demonstrates that the cross-correlation function (CCF) can be used to analyze multi-
channel NIRS signals for assessing the correlation of spatial hemodynamic responses (inside and
outside of the cup) as well as the correlation between oxyhemoglobin and deoxy-hemoglobin
after cupping therapy. To the best of our knowledge, this is the first study demonstrating the
correlation between oxyhemoglobin and deoxy-hemoglobin in response to cupping therapy
at the sites inside and outside the cupping cup using CCF. The analysis of time-series NIRS
signals can complement current approaches on reporting the average of NIRS signals that
ignores the time-series information as well as the interaction between time-series signals. Our
findings indicate that based on the comparison of CCF values between oxyhemoglobin and
deoxy-hemoglobin, oxyhemoglobin is more sensitive to changes in a longer cupping duration
and a higher magnitude of negative pressures.
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